Introduction: In this study, we compared the precision of landmark identification using displays of multiplanar cone-beam computed tomographic (CBCT) volumes and conventional lateral cephalograms (Ceph). Methods: Twenty presurgical orthodontic patients were radiographed with conventional Ceph and CBCT techniques. Five observers plotted 24 landmarks using computer displays of multi-planer reconstruction (MPR) CBCT and Ceph views during separate sessions. Absolute differences between each observer's plot and the mean of all observers were averaged as 1 measure of variability (ODM). The absolute difference of each observer from any other observer was averaged as a second measure of variability (DEO). ANOVA and paired t tests were used to analyze variability differences. Results: Radiographic modality and landmark were significant at P \0.0001 for DEO and ODM calculations. DEO calculations of observer variability were consistently greater than ODM. The overall correlation of 1920 paired ODM and DEO measurements was excellent at 0.972. All bilateral landmarks had increased precision when identified in the MPR views. Mediolateral variability was statistically greater than anteroposterior or caudal-cranial variability for 5 landmarks in the MPR views. Conclusions: The MPR displays of CBCT volume images provide generally more precise identification of traditional cephalometric landmarks. More precise location of condylion, gonion, and orbitale overcomes the problem of superimposition of these bilateral landmarks seen in Ceph. Greater variability of certain landmarks in the mediolateral direction is probably related to inadequate definition of the landmarks in the third dimension. (Am J Orthod Dentofacial Orthop 2009;136:312.e1-312.e10) 
L
andmark-based analysis with linear and angular measurements is the most common method of cephalometric analysis for growth and treatment assessments. Recent studies have shown that measurements from 2-dimensional (2D) cephalograms generated from cone-beam computed tomography (CBCT) are comparable with measurements obtained directly from dry skulls 1 and from conventional cephalograms of patients. 2 A preliminary step in establishing CBCT imaging as a common orthodontic diagnostic approach is to assess the precision of the identification of landmarks routinely used for orthodontic diagnosis. This has been extensively done for 2D cephalometric measurements, but the precision of identifying common cephalometric landmarks in 2D cephalograms has not yet been compared with identification of the same landmarks in 3-dimensional (3D) CBCT images of orthodontic patients. 3, 4 Many 2D cephalometric analyses have been proposed since the introduction of the cephalostat, but the precision of common cephalometric landmarks is important if the transition in methodologies is to occur in both practice and research settings to allow comparisons with existing databases.
Problems associated with conventional cephalograms-eg, errors in patient position, differential magnification of bilateral structures, and superimposition of craniofacial structures-complicate precise localization of cephalometric landmarks. 5, 6 Landmark localization is further complicated by significant asymmetry as in patients with craniofacial syndromes. In spite of these issues, lateral cephalograms have been used for craniofacial and orthognathic surgical planning and monitoring because of the ease of reproducibility and low cost. 7 Three-dimensional computed tomography (CT) avoids anatomic superimposition and problems caused by magnification and permits evaluation of the craniofacial structures from unobstructed perspectives and with less distortion than plane film views. 8 Unfortunately, this technique suffers from relatively high cost and high radiation dose. 9 In the past decade, CBCT devices have been developed for head and neck imaging. The characteristics of these dedicated maxillofacial devices, including reduced cost and dose, are well suited for imaging the craniofacial area. 10 Some CBCT scanners can collect complete volume data during a half rotation around the patient in only 9 seconds. These scanners use cone-or pyramid-shaped beam geometry, which permits more efficient utilization of x-ray photons compared with the thin fan-shaped geometries that are characteristic of many medical CT devices. CBCT systems offer images with high spatial resolution both longitudinally and axially because of an isotropic voxel matrix. This produces submillimeter resolution from 0.4 to 0.125 mm. 11, 12 Some CBCT scanners provide large image fields (9-12 in), which allow 3D reconstruction and visualization of the full maxillofacial region. The value of CBCT imaging in implant planning, surgical assessment of pathology, temporomandibular joint assessment, and preoperative and postoperative assessment of craniofacial structures has been reported. [13] [14] [15] For these reasons, 3D CT is increasingly used in maxillofacial surgery and orthodontics for a variety of clinical and research purposes. 16 Traditionally, lateral and frontal cephalometric radiographs have been used to determine craniofacial discrepancies and deformities, with the analysis based on a series of cephalometric points. Localization of these points can be difficult because of superimposing anatomic structures and differential magnification of bilateral structures; this results in image distortion. 17 Inaccuracy and poor precision in reproducing cephalometric points with conventional cephalograms are well documented. [4] [5] [6] 18 The use of CBCT instead of conventional cephalograms is an alternative method for the assessment of craniofacial relationships of orthodontic and surgical patients. However, few studies have compared the accuracy of CBCT and conventional cephalograms.
In this study, we attempted to determine whether correlated axial, frontal, and sagittal multi-planar reconstruction (MPR) images derived from CBCT image volumes provide more precise location of landmarks than conventional cephalometric radiographs. The specific aim was to test the null hypothesis that the precision of landmark identification is not different for CBCT MPR displays and conventional cephalograms in a sample of presurgical orthodontic patients.
MATERIAL AND METHODS
With Institutional Review Board approval, 20 presurgical orthodontic patients at the University of North Carolina School of Dentistry were radiographed by using lateral cephalometric and CBCT techniques. Conventional cephalograms were acquired with the patient in natural head position, stabilized by ear rods. A standardized source to midsagittal plane distance of 152.4 cm (5 feet) and a detector to midsagittal distance of 11.5 cm provided image magnification of 7.5% for midsagittal structures. Photostimulable phosphor plate cassettes were used for image capture. The plates were scanned and digitized at 300 dpi and 16 bits (Digora PCT, Soredex, Milwaukee, Wisc) and saved in a lossless (JPG 100) format. The images were imported into Dolphin 2D (version 10, Dolphin Imaging & Management Systems, Chatsworth, Calif) for viewing.
CBCT volumes were acquired with a NewTom 3G (QR-NIM s.r.l., Verona, Italy). A 12-in receptor field was used, and the patients were positioned to include the soft-tissue contours of the face in the image volume. The ''large field'' and ''high resolution'' options were selected for primary image reconstruction. The secondary study data were generated with 0.4-mm axial slice thicknesses and isotropic voxels. The axial images were exported in DICOM format and imported in Dolphin 3D (version 10.5, Dolphin Imaging & Management Systems) for subsequent processing and display.
To obtain diagnostically suitable images for landmark identification, 3 steps were required to process the image volume. First, segmentation was performed for the soft and hard tissues when manipulation of the histogram limits the data that are displayed. An attempt was made to reduce noise without reducing actual softtissue or osseous anatomy. Although natural head position has been described as ideal for lateral cephalogram acquisition, the extracranial references (midsagittal ruler, chain) of natural head position are not included in CBCT volumes. 19 For this reason, we used intracranial reference planes to approximate the orientation of a patient in a conventional cephalometric image after segmentation of the data. By using the coronal view, the volume was rotated mediolaterally until the transporionic line of the data was oriented horizontally (Fig 1, A) . By using the axial view, the volume was rotated until the midsagittal plane of the data was oriented vertically (Fig 1, B) . In the sagittal view, the volume was rotated anteroposteriorly until the Frankfort plane of the data was oriented horizontally (Fig 1, C) .
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After segmentation and orientation of the image volume, the data were displayed in a 4-panel window containing sagittal, axial, and frontal MPR views as well as a user-selectable surface rendering of bone, soft tissue, or combined bone and soft tissue depicted in a lateral projection (Fig 2) . Conventional cephalograms and MPR views were displayed on separate computer workstations for observer identification of cephalometric landmarks.
The landmarks listed in Table I were chosen to assess observer precision in this study. These landmarks included both vertical and anteroposterior components of the craniofacial structures. The landmarks represent midsagittal and bilateral anatomic features with differing degrees of identification difficulty.
Conventional images were calibrated before landmark identification by each observer. This was done by using the computer mouse to click on points at 0 and 40 mm of the radiographic image of an aluminum ruler included in the midsagittal plane of each image. The dimension for this measured distance was input as 40.0 mm to correct for anatomic magnification at the midsagittal plane and to establish the metric for the subsequent measurement matrix that the software would use to record the mouse-click positions for landmarks. The 2D measurement matrix was established with a vertex at the upper left corner of the image. The horizontal orientation of the matrix was established with a second reference point at the upper right corner of the image.
Five observers participated in this study. Two were experienced oral and maxillofacial radiologists (J.B.L. and A.M.); one was a third-year radiology resident; one was an experienced orthodontist (L.C.); and one was a second-year orthodontic resident. Before the viewing sessions, each observer received written and verbal instructions and was trained in the use of the 2 modalities with a set of 10 CBCT scans and conventional cephalograms not included in this study. The observers viewed the modalities separately in alternating order, reviewing half of the subjects with 1 modality and then half of the subjects with the other modality. The 4 observation sessions for each observer were spread over 2 weeks. The observers were permitted to use enhancement tools such as magnification, brightness, and contrast to improve the visualization of the landmarks. After the observers digitized all landmarks, the landmark coordinates were exported into Excel (Microsoft, Redmond, Wash) and saved for subsequent assessment of precision.
Statistical analysis
Precision was calculated for 24 landmarks, 2 modalities, and 20 subjects with 2 formulas. The first formula calculated average observer difference from the mean (ODM). First, the mean anteroposterior (AP), caudalcranial (CC), and, for the MPR views, mediolateral (ML) coordinates were calculated from the 5 observers' location of the same landmark on the same subject and with the same modality. Then the absolute value of the difference of each observer's point location from the mean was calculated for the AP, CC, and ML directions. Finally, the average of all observers' absolute differences from the mean was determined for each direction and the average of AP and CC directions for subsequent paired comparisons of the 2 modalities. The second formula for determining observer variability used the average of all combinations of the absolute value of the difference of 1 observer from another, or the difference for every observer (DEO). 
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Analysis of variance (ANOVA) was computed for ODM or DEO as outcome variables. Modality, landmark, and axis of measurement (AP, CC) as principal effects as well as all first-order interactions of these effects were included in the ANOVA model. An alpha of 0.05 was established as the level for statistical significance. Paired t tests were also used to assess the 2 calculations of variability for each landmark. Because many landmarks and 2 modalities were investigated, the risk of a type II error was increased; therefore, the Bonferroni adjustment for multiple comparisons (2 3 24 5 48) was applied, and a P threshold of 0.001 for an alpha level of 0.05 was calculated (a/n 5 0.05/48). An additional ANOVA was performed on MPR data to compare variability among the 3 axes (AP, CC, and ML). Table II shows the ANOVA for ODM and DEO by landmark, modality, and axis direction. Every effect and the primary interactions between effects show a statistically significant difference at the P \0.05 level. DEO calculations of observer variability were consistently greater than ODM. Overall correlation of 1920 Figure 3 shows averaged AP and CC DEO variations sorted by increasing variability of conventional cephalometric landmarks. Variability was consistently greater in the conventional views. Average DEO variability was lowest for sella (1.1 mm) and highest for gonion (3.0 mm) in the conventional cephalogram views, and lowest for sella (0.7 mm) and highest for soft-tissue pogonion (2.6 mm) in the MPR views. Figure 4 shows that, subject by subject, conventional cephalometric images had greater variability than MPR views in 13 subjects, approximately equal variability in 6 subjects, and lower variability in 1 subject (P 5 0.0006). Table IV compares DEO variability by the 3 directional axes in the MPR views. P values were computed for each landmark with ANOVA. Statistically greater variation in the AP dimension was seen for anterior nasal spine. Greater variation in the CC direction was seen for A-point, pogonion, porion, soft-tissue A-point, and soft-tissue pogonion. Significantly greater variation in the ML direction was seen for condylion, mandibular incisor tip, maxillary incisor tip, orbitale, and porion.
RESULTS

DISCUSSION
Landmark identification with MPR views was accomplished with statistically less variability than conventional cephalograms. Rejection of the null hypothesis of no difference between conventional cephalometric imaging and MPR views was not surprising because of our initial supposition that increased variability is a function of structure noise from the superimposition of bilateral structures in conventional cephalograms. This explanation is supported by the finding that the bilateral landmarks condylion, gonion, and orbitale were each statistically less variable in the MPR views. These findings are consistent with a previous study demonstrating that overlapping of bilateral structures in conventional cephalograms resulted in observer selection of a point intermediate between the 2 outlines, introducing errors in landmark localization. 20 Less intuitive is that statistically significant differences were found for several midsagittal structures. 
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Thirteen of 23 landmarks (Table III) were significantly more precisely located in the MPR views than in the conventional cephalograms.
When variability of MPR landmark localization was compared for the AP, CC, and ML planes, significantly greater variability was found for 1 landmark in the AP direction, 4 landmarks in the CC direction, and 5 landmarks in the ML direction. Landmarks incorporating mediolaterally oriented linear features have more potential for greater variability when the linear aspect of the feature is horizontal. Examples of this are the incisal edges of the maxillary and mandibular incisors. ML variability could be reduced by stipulating a specific ML position for the point, such as the center of the tooth. Although definitionally less ambiguous, the inferior orbital margin might have also challenged observers with a relatively flat ML linear form in some subjects. A saddle-shaped or ML flat condyle has a similar challenge for observers.
Porion has both ML and CC complexity in the MPR views. Some observers localized this structure in the soft tissues of the ear canal, but others localized it on a bone/ soft-tissue margin. Figure 5 , B, illustrates the possible positions for locating porion, depending on whether bony or soft-tissue contours are used and whether most superior or lateral positions for this feature are chosen. Figure 5 , A, illustrates the difficulty in visualizing anatomic porion in a conventional cephalometric example. Use of an alternative mechanical porion, while increasing localization precision, could place this landmark more than 1 cm from its anatomic position. Figure 4 shows that conventional cephalometric imaging was less variable than MPR in only 1 of 20 subjects. When we assessed the volume of this patient for subjective image quality, the soft-tissue contour was made somewhat equivocal because of image noise. This type of noise can be increased by minor patient motion such as swallowing during image acquisition.
Two techniques for controlling AP head rotation were used in this study: Frankfort horizontal in the MPR views and natural head position in the conventional cephalometric views. Differences in rotation of the midsagittal plane should have little impact on landmark identification because this is analogous to small rotations of the monitor or the observer's head while viewing an image. Differences in Frankfort plane orientation because of head position make a small difference in the distribution of the x and y components of landmark variation that is measured in the measurement matrix; however, these differences are estimated to be less than 1.5% for angular changes up to 10 in the Frankfort plane (cosine 10 5 0.985). Development of methods for landmark location in MPR views requires modification of 2D landmark definitions. In 2D cephalograms, many landmarks are defined as the uppermost or lowermost point of structures, and the third dimension of the landmark location is not defined. Additionally, a point on the edge of a structure in a lateral cephalogram might not correspond to the same point in the coronal cephalogram, because of the potential for patient rotation around the ear rods of the cephalostat and the different x-ray beam projections that result from this rotation. Whereas the absence of spatial correspondence between 2D views is a problem in 2D cephalograms, 3D coordinate points in MPR views corresponded more closely to anatomic truth and allowed pinpoint locations in the same anatomic locus in correlated views. 21 The sources of error in landmark identification in this study could be 3-fold. First, in the MPR views, the landmarks require definitions for ML localization in addition to the traditional AP and CC directions. Second, some landmarks can be easily identified in 1 or 2 planes of the space, but landmark identification in the third plane might be difficult. Observers in this study tended to locate the landmark in the planes of easy identification, disregarding the plane of difficult visualization. Third, selection of the best slice for landmark location in each direction (AP, CC, and ML) requires time, calibration training, and careful assessment. Three-dimensional landmark identification is more time-consuming than conventional 2D cephalogram tracing because it requires identifying landmarks in coronal, sagittal, and axial views, and double-checking the visualization in the 3 planes of space. 22 Although the assessment of landmark identification reliability has been extensive for cephalometric measurements, little has been published for medical maxillofacial CT imaging and still less for CBCT images. 23 In a comparison of cephalometric and spiral CT for reliability of traditional cephalometric landmarks with skulls, 9 landmarks had significantly less interrater variation with the lateral cephalometric method than in the 3D CT method. A reversal in trends in this study with significantly lower interobserver 
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